The structure of Ba3Nb2O8 has been investigated using high resolution neutron powder diffraction. Our results show that whilst the structure has some features in common with the 9R perovskite and palmierite structures, it is a new and distinct structure. It is shown to follow a (chh)(hhc)(chh) sequence with BaO3- packing layers and is a cation and aniondeficient 9H perovskite polytype. Nb atoms occupy octahedral sites with vacancies between hexagonal close-packed layers. Isolated, corner-sharing and face-sharing Nb-O octahedra all occur within the unit cell. The identification of purely octahedral Nb is supported by solid state 93 Nb wideline NMR measurements. A two-component line shape was detected: a narrow featureless resonance with an isotropic chemical shift of δiso -928 ± 5 ppm consistent with regular Nb octahedra, and a much broader featureless resonance with an approximate isotropic chemical shift in the range δiso ~-944 --937 ± 10 ppm consistent with Nb octahedra influenced by O vacancies. These are both characteristic of six-fold oxo-coordinated Nb environments. The highly distorted octahedral environments in Ba3Nb2O8 make it a potential candidate for dielectric and photocatalytic applications.
INTRODUCTION
The sub-solidus binary system BaO-Nb2O5 contains a number of complex and interesting phases, with several known hexagonal perovskite-derived polytypes lying in the BaO rich region 1 . One example is the compound Ba4Nb2O9 which has been shown to exhibit a number of different polymorphs [2] [3] [4] . The complex nature of these polymorphs, their inter-relationship and the ability of the material to absorb and desorb water results in mixed oxide, protonic and electronic conduction over a wide temperature range 3, 4 . Complex oxides of niobium (and their tantalate analogues) have also received much attention within the field of photocatalysis as many phases possess stability to photocorrosion due to the favourable location of the conduction band 5, 6 .
Hexagonal Ba5Nb4O15 lies close to Ba4Nb2O9, but is a crystallographically simpler system with corner-sharing NbO6 forming perovskite-like blocks, 4 octahedra in thickness, perpendicular to the c-axis of the primitive hexagonal cell 1, 7, 8 . There are two crystallographically distinct Nb sites, with one showing considerable distortion compared with the other, as determined by both powder and single crystal studies 1, 9 . As a result of this distortion, Ba5Nb4O15, exhibits excellent microwave dielectric properties with a high relative permittivity (ɛr), high quality factor (Q) and a low temperature coefficient of resonator frequency (τf) 9, 10 .
Conflicting reports exist for the crystal structure of Ba3Nb2O8, which lies between Ba4Nb2O9 and Ba5Nb4O15 in the phase diagram. The stoichiometry of Ba3Nb2O8 is typical of the palmierite family (A3B2O8 11 ), such as Ba3V2O8 and Ba3P2O8 12, 13 . Palmierites crystallise in space group R3 ̅ m and are structural derivatives of the 9R perovskite (ABO3), yet incorporate tetrahedral co-ordination of the B-site cation instead of octahedral. The 9R perovskite comprises (hhc)3 stacking layers; the cubic layers of which are transformed from AO3 to oxygen deficient AO2 layers in order to form the palmierite structure 14 . This conversion gives rise to tetrahedrally coordinated B atoms, and is most interesting as it results in an oxygen and cation deficient "perovskite-like" crystal structure which has been known to accommodate both cation and oxide ion conductivity [15] [16] [17] .
Single crystal and powder X-ray diffraction studies report that Ba3Nb2O8 adopts the aforementioned palmierite structure 1, 18, 19 with Nb occupying discrete tetrahedral units but with a very small amount (7.5%) of Nb occupying octahedral sites. However, contradictory results were obtained by high resolution electron microscopy (HREM) and Raman spectroscopy 20, 21 , which instead suggest a 9H polytype containing palmierite/perovskite slabs with a 1:1 ratio of octahedral and tetrahedral sites.
Although modelling of the HREM images could not fully determine the structure, two models derived from primitive hexagonal unit cells were suggested 21 . These were used as the basis for experimental analysis and it was concluded that neither model was adequate so that instead, an intermediate between the two was a more likely interpretation.
The importance of fully characterising the crystal structure of Ba3Nb2O8 has been emphasised recently by the discovery of oxide ion conductivity in the related hexagonal phase Ba3MoNbO8.5 22 . Its unique crystal structure is essentially a hybrid of the palmierite and 9R perovskite unit cells, containing a disordered arrangement of (Nb/Mo)O6 octahedra and (Nb/Mo)O4 tetrahedra. A bulk conductivity of 2.2 x 10 -3 S cm -1 is observed at 600 C, which is comparable to other well-known ionic conductors such as LAMOX and BIMEVOX 23, 24 . Resistivity and transport measurements in various atmospheres suggest that oxide ions are the dominant charge carriers in Ba3MoNbO8.5; with conduction pathways facilitated and enhanced by several structural factors as follows. High resolution neutron diffraction analysis indicates large anisotropic thermal displacement parameters for Mo/Nb cations which occupy highly distorted polyhedra. This acts to stabilise the disordered structure and, in addition to the flexible nature of the cation coordination environment, provides a low energy migration pathway for conducting ions. Considering that both Ba3MoNbO8.5 and Ba3Nb2O8 appear to be cation and anion deficient perovskite derivatives, with clear chemical similarities, it is important that the structure of Ba3Nb2O8 is fully understood. Therefore, in this study, the crystal structure of Ba3Nb2O8 has been determined from the Rietveld refinement of high resolution neutron diffraction data and describes a unit cell distinct from palmierite and all other 9-layered perovskite derivatives. The local Nb environment was further analysed using high field 93 Nb solidstate nuclear magnetic resonance spectroscopy (NMR).
EXPERIMENTAL SECTION
Synthesis: Stoichiometric amounts of BaCO3 (Aldrich, 99+%) and Nb2O5 (Aldrich, 99.99%) were ground in an agate pestle and mortar followed by calcination in air for 16 h at 900 o C. The powder was then re-ground, pelletized, covered with sacrificial powder of the same composition and placed in an alumina crucible which was then heated at 1300 o C for 76 h.
X-ray and Neutron Powder Diffraction: Samples were initially characterised by powder X-ray diffraction data using a Bruker D8 Advance diffractometer with twin Göbel mirrors and CuKα radiation (=1.5418 Å). Data was collected over the range 10 o < 2θ <100 o with a step size of 0.02 o .
Time-Of-Flight (TOF) neutron diffraction patterns were recorded on the high intensity, high resolution diffractometer GEM at the pulsed neutron source ISIS facility, Rutherford Appleton Laboratory, UK 25 . Due to the possibility of decomposition of the phase over a few days, a 5 g sample was stored under N2 in a sealed tube prior to measurement. The powder was extracted and loaded into an 8 mm vanadium can and data were obtained at room temperature. Rietveld refinement was carried out using the GSAS package 26 with the EXPGUI interface 27 using data collected over the time-of-flight range 3000 -18000 sec in the highest resolution, backscattering detectors.
Solid State NMR:
Samples were synthesised and immediately sealed in evacuated silica tubes for transport for NMR measurements. The tubes were broken prior to measurement. Static broadline 93 Nb NMR data were acquired at ambient temperatures on 9.4 and 18.8 T systems using Bruker DSX-400 and Varian CMX Infinity-800 spectrometers operating at 93 Nb Larmor frequencies of 97.83 and 195.54 MHz, respectively. These measurements were performed using a Bruker 5 mm static horizontal solenoid design probe (at 9.4 T), and a home-built, balanced-circuit design 7.5 mm static horizontal solenoid probe (at 18.8 T). All static 93 Nb data were acquired with the solid echo θ -τ -θ -τ -(acquire) (θ ≈ π/4) experiment with an extended phase cycle to capture undistorted echoes with minimal influences from residual echo tails and finite pulse widths 28, 29 . 'Non-selective' (solution) π/2 pulse widths of 8 -10 μs were calibrated on a saturated K[NbCl6]/CH3CN solution from which 'selective' (solid) θ pulses of 0.8 -1.0 μs were employed in the solid echo measurements. The τ delay was 20 μs and the relaxation delay between transients was 2 s. Simulation of the featureless 93 Nb resonances associated with the disordered Ba3Nb2O8 phase was undertaken using the DMFIT simulation software package 30 .
FTIR:
Fourier transform infrared spectroscopy (FTIR) spectra were measured from 400 scans at 4 cm -1 resolution using a Nicolet 380 spectrometer, fitted with a diamond attenuated total reflectance (ATR) platform.
RESULTS AND DISCUSSION

Synthesis.
It became apparent during initial attempts to obtain single phase Ba3Nb2O8 that following the synthesis steps reported in much of the previous literature resulted in an impure product, with second phases Ba5Nb4O15 and Ba4Nb2O9. It was thus found, however, that a sample of high purity could be obtained via two differing methods. Both processes involved the solid-state reaction of BaCO3 (Aldrich, 99+%) and Nb2O5 (Aldrich, 99.99%). The first method was as described above. A second method used a non-stoichiometric approach with a slight excess of BaCO3 (to account for volatilisation and thus without the need for sacrificial powder) combining 75.25% BaCO3 with 24.75% Nb2O5 and heating to 1250 o C for 48h; this also resulted in a phase-pure product. For the samples studied further here, the first method (covering a pellet with powder of the same composition) was used as this gave the most reproducible results and also meant that the stoichiometry was controlled.
Powder Diffraction and FTIR.
X-ray powder diffraction data showed samples of Ba3Nb2O8 to be phase-pure and could be fully indexed on a hexagonal unit cell with lattice parameters a = 5.89 Å, c = 20.94 Å; consistent with a 9-layered perovskite-derived structure. These values are noticeably different from 2 previous studies which describe phases with much larger unit cells (a = 6.0477 Å, c = 21.289 Å 1 , a = 6.045 Å and c = 21.127 Å 19 ) but is reasonably consistent with the HREM study (a = 5.82 Å, c = 21.15 Å) 21 . The difference of the unit cell volumes described in the literature may be a consequence of the airsensitive nature of Ba3Nb2O8, which does not appear to be accounted for in existing reports. With time, the sample decomposed and thus for XRPD samples were measured immediately. This is not unusual: a recent study on the mixed conductor, Ba4Nb2O9
31 , describes the uptake of carbonate onto vacant cation sites, replacing oxygen within the structure upon cooling. Fourier transform infrared (FTIR) spectroscopy measurements were performed on a sample of Ba3Nb2O8 at 24 hour intervals and clearly show the development of peaks attributable to increasing amounts of carbonate in the sample at ~ 1430 cm -1 ( Figure  1 inset) . This suggests that interstitial carbonate inclusion occurs (followed by decomposition of the phase, Figure 1 ) and that this could be responsible for the increased unit cell sizes previously reported for Ba3Nb2O8. To further determine the structure of Ba3Nb2O8, high resolution neutron diffraction was carried out at room temperature and a series of models were tested via Rietveld refinement. A poor fit was obtained against the palmierite model containing (hhc)3 stacking layers within the R3 ̅ m space group (see Figure S1 in supplementary data) . A large degree of intensity mismatch between the calculated and observed peaks is evident, with some structural peaks not modelled at all (e.g. hkl (2 0 -1), (2 0 -4)) resulting in poor agreement indices of χ2 = 483.7, Rwp = 9.96 %, Rp = 10.03 %. Additional attempts allowing for the partial occupation of octahedra within the unit cell shown in Figure 2a were also made, with no improvement.
As a previous HREM study suggests that Ba3Nb2O8 crystallises in a primitive unit cell with a 9H structure 21 , refinements based on a series of 9H models were therefore attempted. Theoretically there are a total of six possible stacking sequences for the 9H type 32 and, rather than assuming the previous results, the neutron data were modelled by all potential variations.
In order to model the Ba and Nb sites as a first approximation, the six models were built up from the BaO3 stacking layers, as once these are fixed only one possible site remains for the B cation. Symmetry, to some extent, constrained the sequence used and each packing arrangement was "normalised" to start with ABC in order to reflect the corresponding ch sequence described in Table 1 , along with the appropriate Zhdanov notation 33 . In addition, the B cation site was initially chosen to be octahedral, although cognisant of the fact that for the palmierite model each BaO3 c layer in the (chh)3 packing sequence is replaced by BaO2, creating tetrahedral interstices. It was also recognised that vacancies must exist in the cation and anion sublattices, therefore this was tested within the models by refining the occupancy of each Nb and O site independently. The requirements to qualify as a successful model were low Rvalues, a good visual fit to the data, and realistic bondlengths.
All of the unit cell, atomic and profile parameters for each model were refined systematically to allow for direct comparison. An initial LeBail fit of the profiles 34 for the two highest angle detector banks (91.30 o and 154.4 o ) was performed before refinement of the atomic positions. The resulting error indices, Rwp, Rp and χ 2 , for each 9H arrangement can be found in Table 1 and indicate that those with the highest number of adjacent h layers (models 3 and 6) are the most promising. It should be noted that the long counting time used during the diffraction measurement has led to increased statistical precision and reduced Rexp values (2.4  10 -6 -5.4  10 -7 for Models 1-6 and 2.5  10 -5 for Model 7), increasing the Rwp: Rexp ratio; resulting in overinflated χ 2 values.
In hexagonal unit cells with close packed AOx layers, cation vacancies tend to occur between adjacent hh layers in a b c order to stabilise the structure 35 (instead of between the cubic alternatives), so this is to be expected when considering the Nb vacancies in Ba3Nb2O8The four remaining models (models 1, 2, 4 and Figure 2 Crystal structures of a) the palmierite A3B2O8, b) Ba3Nb2O8 c) 9R perovskite ABO3. The grey polyhedra in palmierite indicate the empty octahedral sites. The cation deficient 9R structure (e.g. Ba3Re2O9) is similar to that of ABO3 but the grey octahedral sites are vacant. 5, Table 1 ) were discarded as they displayed structural deficiencies, with unsatisfactory fits and/or erroneous thermal displacement parameters, including exceptionally small bond lengths in each of the 9 layers (e.g. Nb-O 1.02 Å, 1.50 Å). Bond lengths of this size indicate an unsuitable unit cell, as the average bond length for Nb(V) octahedrally coordinated to oxygen is 2.04 Å 36 and the values obtained in models 1, 2, 4 and 5 fall largely outwith the expected range.
The refinement results for models 3 (ccchhhhhh -χ2 = 97.9, wRp = 4.50%, Rp = 4.25% and 6 (cchhchhhh -χ2 = 141.2, wRp = 5.41 %, Rp = 4.95 %) are displayed in Figure S1 (supplementary data); both show a similar quality of fit. However, some layers within the structures contained unrealistically small bond lengths along with large, negative displacement parameters on various sites (these layers are shaded white in Table S1 in the supplementary data). As a result, a hybrid model was developed by extracting the realistic layers from both structures (shaded grey in Table  S1 ), and re-assembling them to form a new model 7 ( Table  2 ). In fact, this resulted in an alternative version of Model 6 with the origin shifted, suggesting that either the original model had resulted in a false minimum, or that a symmetry constraint had not been anticipated. The shift is 6 layers in, shown if ABCACABAB is rewritten as BCABABCBC and thus giving ABCBCBCAB.
Model 7 (hchhhhcch) was tested according to the same protocol as the previous examples, giving improved initial agreement factors and a better visual fit to the collected data. The vacant niobium sites were determined by allowing the fractional occupancies to refine without constraints for all 9 potential Nb sites. Three of these positions (2  1a : (0,0,z) and 1  1b: (1/3 ,2/3,z) had very low or negative fractional occupancies and were therefore proposed as the vacant sites, giving the correct Nb stoichiometry expected for the Ba3Nb2O8 phase. As expected, for a hexagonal unit cell containing a metal with a high cation charge and small ionic radii, these vacant octahedra are found situated between adjacent h layers in order to stabilise the structure. This is consistent with what has been observed, for example, in the homologous series of hexagonal perovskites LanTin-O3n, whereby the structures are described as having intrinsic stacking faults with the interstitial (Ti) sites in these layers remaining vacant 37 . In contrast with the previous studies 1, [18] [19] [20] [21] , there was no evidence of tetrahedral Nb and all of the niobium were found to occupy NbO6 octahedra. In order to confirm this, the local cation environment was investigated further by solid state 93 Nb NMR, which is described below. Similarly, oxygen vacancies were determined by refining the fractional occupancies on all 9 positions. The majority of sites gave values close to 1, but 3 gave significantly lower occupancies with two close to 0.7 and one lower, close to 0.6 (positions O5, O6 and O9 in Table 2 ). Similarly, oxygen vacancies were determined by refining the fractional occupancies on all 9 positions.
The majority of sites gave values close to 1, but 3 gave significantly lower occupancies with two close to 0.7 and one lower, close to 0.6 (positions O5, O6 and O9 in Table  2 ). Assuming the nominal stoichiometry, the sites were thus fixed at these values. After vacancy determination, constraints were re-introduced for the isotropic displacement parameters in order for all atomic positions to refine together and converge to the final values given in Table 2 . An excellent Rietveld fit for this model is obtained as shown in Figure 3 , along with the corresponding agreement indices (χ2 = 31.82, Rwp = 2.54 %, Rp = 2.49 %). This newly derived model gives lower agreement factors and an improved visual fit to the data, compared to the other 9H alternatives. The crystal structure of Ba3Nb2O8 is displayed in Figure 2b , showing a disordered unit cell comprised of BaO12 poly-hedra and corner-sharing, face-sharing and isolated NbO6 octahedra with entire vacant sites situated between hexagonal layers. It is one of the few oxides known to contain isolated MO6 octahedra, as conventionally, hexagonal unit cells opt for a more inter-connected network of polyhedra in order to stabilise the lattice. Nb NMR.
The static 93 Nb NMR data acquired at 9.4 and 18.8 T from the Ba3Nb2O8 system is presented in Figure 4a , and these spectra show that two featureless overlapping resonances of very different linewidth characterise the Nb(V) speciation at each B0 field. The ratio of integrated intensities for these resonances is ~2:1 with the broader, more dispersed component appearing more dominant. This characteristic is consistent with the structural parameters presented in Tables 2 and 3 which indicate that four of the six Nb positions (Nb2, Nb3, Nb5 and Nb6) are influenced by partial occupancies in the O5, O6 and O9 positions; the remaining Nb1 and Nb4 positions represent regular octahedral environments. The variable B0 behaviour (i.e. centre-of-gravity shift (δcg)) of each resonance is graphically represented in Figure 4b where the well-established field dependence of the second order quadrupole shift (δQ,iso (2) (I,m)) component is exploited. This dependence can be written as 38, 39 :
where δQ,iso (2) If the variation in δcg, is plotted as a function of 1/νo 2 , then by graphical methods the isotropic chemical shift (δiso) and the quadrupolar interaction constant (PQ = CQ√(1 + ηQ 2 /3)) can be estimated from the y intercept and slope of these data, respectively 40, 41 . This analysis of the static 93 Nb NMR data for the narrow resonance representing Nb environments that are unaffected by O partial occupancies is illustrated in Figure 4b and symbolized by the squares (■); it provides a reliable estimate of the isotropic chemical shift (δiso = -928 ± 5 ppm) and quadrupolar interaction parameter (PQ = 10 ± 2 MHz) for these Nb positions in the Ba3Nb2O8 system. Since the quadrupole asymmetry parameter (ηQ) is not independently elucidated from this analysis, this PQ value is equivalent to a quadrupole coupling constant (CQ) in the range of ~7 -10 MHz. Previous studies have demonstrated that small CQ values of this magnitude and a δiso < ~-900 ppm is strong evidence of six-fold oxo-coordinated Nb(V) positions 42 . The broader 93 Nb resonance is much more difficult to characterise with reliable estimates of δiso and PQ, however some assertions can be made regarding the disordered framework it represents. The 18.8 T data is sufficiently defined to establish that δcg is further upfield than the corresponding data for the narrow resonance; furthermore, the estimated range of probable δcg values from the 9.4 T data permits a range of δiso values of ~-944 --937 ppm to be ascertained, as indicated by the circular points (•) in Figure 4b . This δiso range establishes that these Nb(V) positions represented by the broader component are also octahedral (NbO6) in character, and the large difference (increase) in 93 Nb linewidth between the 18.8 and 9.4 T measurements indicates that these resonances are unambiguously quadrupole rather than chemical shift dispersion dominated. Figure 2 shows the crystal structure of Ba3Nb2O8, alongside that of the palmierite A3B2O8 and the 9R hexagonal perovskite ABO3. The 9R polytype (hhc)3 can accommodate ordered cationic vacancies within its structure, for example in A3B2O9 compositions such as Ba3Re2O9. This deficiency is achieved by removal of the polyhedron lying in the centre of the 3 face-sharing octahedral block (shown in grey in Figure 2c ), and from there the palmierite may be derived by the replacement of the cubic BaO3 layer in the (chh) sequence with a BaO2 layer; hence the stacking sequence is essentially retained in palmierite. While the 9R structure is comprised of corner-sharing BO6 octahedra, the change in the cubic layer to transform to the palmierite phase results in the formation of isolated tetrahedra. These structures are somewhat interchangeable with Ba3Nb2O8, as a "reversal" of the layers can be seen. with the central sequence inverted. Therefore the structure of Ba3Nb2O8 proposed here retains some similarities to that of the 9R polytype and palmierite. At the centre of all three unit cells lies an octahedral site which can either be occupied or vacant in the 9R, but is empty for Ba3Nb2O8 and also the palmierite. Overall, the 9H structure of Ba3Nb2O8 contains 3 distinct octahedral environments (with isolated, corner-sharing octahedra as well as face-sharing dimers) and is a more disordered system than either the palmierite or 9R structures.
DISCUSSION
The oxygen atoms in Ba3Nb2O8 occupy 3d positions, with vacancies formed within the hexagonal (h) layers of the structure ( Table 2) . Two of these partially occupied sites (O5 and O6) are concentrated in the central block of the unit cell where a vacant layer of octahedral cation sites are found (Figure 2b) . The other site (O9) occurs in the upper part of the unit cell within the common face of the facesharing dimers; this has also been noted in some BaMO3- oxygen-deficient 6H perovskites such as Ba(Ti,Fe)O3- 43 BaTiO3-, 44 and BaTi1-yCoyO3- 45 Indeed, it was noted in a study of 6H-BaFeO2.79 that oxygen vacancies preferentially form in the hexagonal layers rather than the cubic alternatives 46 , as seen in the present work.
In accordance with early studies on perovskite stacking by Katz and Ward 35 , the structure accommodates the unfavourable long sequence of hexagonal packed layers (hhhh) with B-site vacancies situated between alternate h layers. These vacancies are located towards the center and lower region of the unit cell where, rather than a long chain of face-sharing octahedra in this area (which would be unstable due to the high electrostatic repulsion from neighboring Nb 5+ cations), we observe instead isolated NbO6 units. This arrangement acts to reduce strain in this section of the unit cell, which is demonstrated by the more 'ideal' octahedron when compared to those contained in the rest of the unit cell. One occupied (hh) unit is retained in the top part of the cell, within the (chh) sequence. This is the section of the structure exhibiting the most strain, showing the upper octahedron of the face sharing dimer (Nb(6) (1b) site) to be the most distorted within the structure. This is demonstrated by the Nb-O bond-lengths given in Table 3 , where the shortest and longest Nb (6) Table 3 within the supplementary data. This strain is likely eased, to some extent, by the oxygen vacancies within the face-sharing layer on the O(9) site. This highly distorted dimer is connected to a corner-sharing octahedron, (Nb (4) (1c), which is situated between cc layers and contains bond angles which also depart noticeably from the ideal 90
. This region is the most crowded, with the Nb(4) octahedron surrounded by 3 neighbouring Nb 5+ complexes. In general, the functionality of a material is strongly dependent on its structure as distorted cation environments have been shown to be responsible for the substantial oxide ion conductivity in Ba3MoNbO8.5 and the dielectric properties of Ba5Nb4O15 2 ), most likely resulting from the fluctuating coordination environment of the Mo/Nb atoms. In the 5H perovskite, Ba5Nb4O15, Nb 5+ is described as too small to form regular NbO6 octahedra 47, 48 . Selected octahedra were noted to have large differences in bond lengths (1.871 and 2.266 A˚ for Nb(2)-O(3) and Nb(2)-O(2), respectively) and bond angles that show a great departure from that of an ideal octahedron (O(2)-Nb(2)-O(2) = 82.74 o ). Therefore, considering the highly distorted environments described here for Ba3Nb2O8, investigation into the dielectric properties of the material are warranted given the distorted NbO6 environments in Ba5Nb4O15. The distortion of NbO6 octahedral units is also one of the factors affecting the bandgap energy of layered perovskite materials. As the bond angle O-Nb-O moves away from the ideal values of 90 o /180 o , the band gap becomes wider and the excited energy state is localized 49 . This makes distorted niobate and tantalate materials prime candidates for photocatalytic applications. Ba3Nb2O8 could be an interesting material to investigate as it possesses a highly distorted unit cell coupled with a thin perovskite layer, which is an important feature when considering wide band gap materials because as the thickness of the layer decreases, the two dimensionality of the crystal structure becomes high.
The structural model proposed here for Ba3Nb2O8 describes a unit cell containing fully octahedral niobium sites, with this environment supported by the results of the 93 Nb NMR study. This differs from previous accounts of the structure which present cationic lattices with between 50 -92.5 % of the niobium in tetrahedral coordination 1, [18] [19] [20] [21] . Two types of six-fold oxo-coordinated Nb(V) positions were detected which exhibit NMR parameters that are very distinct from the corresponding four-fold oxo-coordinated species. Previous studies have demonstrated that NbO4 moieties are characterised by very large CQ values of >80 MHz and downfield shifted δiso values of > -860 ppm 39 . From the 93 Nb static NMR evidence presented here, NbO4 structural moieties are clearly absent from the Ba3Nb2O8 structure (Figure 2b) , thus corroborating the neutron diffraction refinement results which together establish a clear demarcation from the tetrahedral palmierite structure shown in Figure  2a ). The absence of NbO4 polyhedra in Ba3Nb2O8 also contradicts the findings of previous HREM and Raman spectroscopy studies, where a 1:1 ratio of octahedral to tetrahedral sites was anticipated 20, 21 .
The space group and atomic model resolved from this neutron diffraction study is in stark contrast with those previously reported for Ba3Nb2O8, as several XRD studies indicate that the material crystallises in the 3 ̅ space group with (hhc)3 layers 1, 18, 19 . The study by Kemmler-Sack et al. 19 describes a palmierite unit cell where 7.5% of the Nb occupy the typically vacant octahedra shown in grey in Figure 2a) . A subsequent single crystal XRD study suggested that Ba3Nb2O8 crystallises in the standard palmierite unit cell where only isolated tetrahedra exist 1 . There are a number of potential reasons for these structural discrepancies; firstly there is the comparison between X-ray and neutron data. The majority of X-ray scattering in Ba3Nb2O8 is due to the higher scattering of the barium and niobium ions which consequently dominate the diffraction pattern obtained, making analysis of the anionic lattice incomplete due to the relatively poor scattering intensity of oxygen. It is important to note here that our XRD data could also be satisfactorily refined using the palmierite model (with and without partially occupied octahedra) and that discrepancies only arose once analysis of the neutron diffraction data was attempted and the scattering of oxygen became relevant. Rietveld refinement of neutron diffraction data is more appropriate for the structure determination of complex oxides such as Ba3Nb2O8 because it allows for increased precision when determining the position of lighter elements, such as oxygen. Poorly resolved oxygen sites will lead to inaccurate cation coordination environments and vacancy distributions within the unit cell. The unit cell parameters of the phases reported in previous XRD studies are noticeably larger than those extracted from our preliminary XRD data and neutron diffraction refinement results. In the previous studies, no measures are described to avoid decomposition of the Ba3Nb2O8 phase although, in the single crystal study 1 , Vanderah et al. proposed that the instability of Ba3Nb2O8 could be a result of the unusual tetrahedral co-ordination of Nb 5+ . Our characterisation of powder samples via X-ray and neutron diffraction, 93 Nb NMR and FTIR spectroscopy reveal Nb 5+ to be in octahedral coordination and that the decomposition of the phase is instead due to the inclusion of carbonate (Figure 1 (inset) ). It is also notable that the unit cell parameters from the single crystal study 1 (a = 6.0477 (13) , c = 21.289(5) Å) are significantly larger than those reported here (a = 5.90849 (10) , c = 20.9491(12) Å). There is also precedent in that there are many reported perovskite-based materials that have an affinity for carbonate inclusion due to their high content of alkali-earth metal cations, one such example being Ba3Co2O6(CO3)0.60 50 .
The storage of bulk samples of Ba3Nb2O8 under vacuum and in N2 prevented the formation of a secondary phase suggesting that atmospheric CO2 is the primary cause of decomposition. There are many reported perovskite-based materials with an affinity for carbonate inclusion due to their high content of alkali-earth metal cations. It has been reported that the up-take of water and carbonate upon cooling in the compound Ba4Nb2O9, where small amounts of carbonate replace oxygen and (CO3) 2- ions are found to occupy the vacant cation sites 7 . Therefore, the larger unit cell parameters described for Ba3Nb2O8 within the previous work might suggest the inclusion of interstitial ions such as (CO3) 2-. It is likely that, initially, carbonate inclusion occurs on a vacant cation site (similar to Ba4Nb2O9), followed by decomposition of the phase within a 24 hour time period due to the instability of the highly distorted octahedral environments within Ba3Nb2O8. The vacant sites likely occupied by atmospheric (CO3) 2- are situated between adjacent hexagonal layers (hh); we have described previously that vacancies on these sites are integral to the stability of the structure and partial occupation could result in a timely collapse of the structure into the more stable Ba5Nb4O15 phase.
The 9H model we propose does bear some resemblance to the structures discussed by Garcia-Gonzalez et al. in their HREM study 21 . However, it was not previously possible to determine the definitive ch layer sequence within the 9H unit cell, or to extract accurate atomic coordinates or vacancy distributions from modelling of the HREM images. Two possible models were proposed for the structure of Ba3Nb2O8 (models 3 and 6 in Table 1 ) comprised of one BaO, one BaO2 and seven BaO3 layers. The XRD refinements of both models were deemed unsuccessful (resulting in large R factors) and the distribution of cationic vacancies could not be statistically determined. It was concluded that neither of the two models used to analyse the experimental images accurately describes the structure of Ba3Nb2O8 and that an intermediate structure between the two models is likely. It was also suggested that a 1:1 ratio of octahedrally and tetrahedrally coordinated Nb atoms is present in Ba3Nb2O8. The existence of tetrahedral Nb was supported by a Raman spectroscopy study on cation-deficient barium niobate phases 20 . Bands appearing near 300 and 800 cm -1 were attributed to tetrahedral Nb units. However, Raman spectroscopy studies of the fully octahedral niobium environment within (Ba,Sr)5Nb4O15 also produced strong bands in these regions 47, 51 , and could therefore be a result of symmetric stretching modes of the NbO6 octahedra.
Refinement using neutron diffraction data has now allowed the structure of Ba3Nb2O8 to be fully elucidated. The advantages of using neutron diffraction over HREM to characterise these complex materials has also been highlighted during the recent report of Ba3MoNbO8.5. Electron microscopy studies originally described an ordered structure comprising intertwined regions of Mo/NbO6 octahedra and Mo/NbO4 tetrahedra 52 , but neutron diffraction results suggest that Ba3MoNbO8.5 is a highly disordered and more complicated hybrid structure. For fuller understanding of structure/property relationships this level of detail is necessary; for example, resistivity measurements on Ba3MoNbO8.5 showed that the disordered structure has a predisposition for oxide ion conduction, which may have been overlooked in a simplified structural model. Whilst our results describe a structure tentatively derived from one of the models originally predicted by the HREM study, it disagrees with the previous topological predictions of an ordered anionic lattice, along with the fractional occupation of Nb octahedra and the presence of NbO4 units. The structure of Ba3Nb2O8 is distinct from both the palmierite and all previously reported 9-layer perovskite derivatives, with a highly distorted niobium environment making it a promising candidate for future dielectric and photocatalytic studies. Recent developments prove that the thorough characterisation of new hexagonal structures may hold the key to the discovery of new families of fast ionic conductors.
CONCLUSIONS
This investigation of the average and local structure of Ba3Nb2O8 confirms that the phase is derived from a 9H perovskite unit cell with layers arranged in a (hchhhhcch) sequence. For the first time, the location and distribution of anionic and cationic vacancies has been determined. Combined neutron and solid state NMR studies reveal niobium to occupy 6 distorted octahedral sites with 3 complete va-cancies situated between consecutive hh close-packed layers, the location of which are required to stabilise the 9 layered structure. Although this coordination environment and structural model for Ba3Nb2O8 is unprecedented in the literature, the advantages of neutron diffraction over the techniques described are clearly apparent and also support the fact that Nb 5+ is rarely found in tetrahedral environments due to its large size 53 . The anionic lattice is shown to be disordered, with the fractional occupancy of 3 sites distributed within hexagonal layers. This structure is thus distinct from all known reported 9-layer perovskite derived structures, including the palmierite. Carbonate inclusion via the atmosphere is thought to be responsible for the decomposition of the phase into Ba5Nb4O15.
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Rietveld refinement of Ba3Nb2O8 neutron diffraction data, using (top) the palmierite model, (middle) model 3 (ccchhhhhh), (bottom) model 6 (cchhchhhh). The resultant fits are of the high angle bank (154o).
